Progesterone resistance in the eutopic endometrium (EuE) is suggested to be a critical factor for decreased endometrial receptivity and implantation failure in reproductive-aged women with endometriosis. Altered expression of miRNAs has been reported to play an important role in the pathophysiology of endometriosis-associated infertility. However, the underlying mechanisms of aberrant progesterone receptor (PR) and deficient decidualization regulated by miRNAs in endometriosis have not been thoroughly elucidated. The goal of this study was to explore the regulation and roles of miR-194-3p in aberrant PR expression and impaired decidualization in endometrial stromal cells (ESCs) from the EuE of women with mild or minimal endometriosis. Using a series of studies, we observed decreased PR mRNA expression and an increasing PR-A/PR-B mRNA ratio trend in the midsecretory phase of the EuE of women with minimal or mild endometriosis (n = 19) compared with controls (n = 14); the increased expression of miR-194-3p in the endometriosis group was consistent with previous microarray analysis. We also found that PR protein levels were inhibited by the transfection of ESCs with an miR-194-3p mimic and upregulated by miR-194-3p inhibition. As predicted by the bioinformatic analysis, the 3 0 -untranslated region luciferase assay indicated the direct regulation of PR expression by overexpression inhibited the in vitro decidualization of ESCs via both cellular morphological changes and prolactin levels. Therefore, our study demonstrated that miR-194-3p contributes to progesterone resistance in endometriosis, which hinders fertility by repressing the levels of PR and decidualization in the EuE. Thus, miR-194-3p regulation is a future therapeutic strategy for endometriosis. (Endocrinology 159: 2554(Endocrinology 159: -2562(Endocrinology 159: , 2018 
Progesterone resistance in the eutopic endometrium (EuE) is suggested to be a critical factor for decreased endometrial receptivity and implantation failure in reproductive-aged women with endometriosis. Altered expression of miRNAs has been reported to play an important role in the pathophysiology of endometriosis-associated infertility. However, the underlying mechanisms of aberrant progesterone receptor (PR) and deficient decidualization regulated by miRNAs in endometriosis have not been thoroughly elucidated. The goal of this study was to explore the regulation and roles of miR-194-3p in aberrant PR expression and impaired decidualization in endometrial stromal cells (ESCs) from the EuE of women with mild or minimal endometriosis. Using a series of studies, we observed decreased PR mRNA expression and an increasing PR-A/PR-B mRNA ratio trend in the midsecretory phase of the EuE of women with minimal or mild endometriosis (n = 19) compared with controls (n = 14); the increased expression of miR-194-3p in the endometriosis group was consistent with previous microarray analysis. We also found that PR protein levels were inhibited by the transfection of ESCs with an miR-194-3p mimic and upregulated by miR-194-3p inhibition. As predicted by the bioinformatic analysis, the 3 0 -untranslated region luciferase assay indicated the direct regulation of PR expression by miR-194-3p. Furthermore, miR-194-3p overexpression inhibited the in vitro decidualization of ESCs via both cellular morphological changes and prolactin levels. Therefore, our study demonstrated that miR-194-3p contributes to progesterone resistance in endometriosis, which hinders fertility by repressing the levels of PR and decidualization in the EuE. Thus, miR-194-3p regulation is a future therapeutic strategy for endometriosis. (Endocrinology 159: 2554-2562, 2018) E ndometriosis, the presence of endometrial glands and stroma outside the uterine cavity, is observed to occur predominantly at sites within the peritoneal cavity and affects ;10% of reproductive-aged women with multiple symptoms (1, 2) . Almost half of women with endometriosis experience infertility (3, 4) . Many studies have reported that earlier stages of endometriosis result in a reduced chance of natural conception, and infertile women have shown an increasing incidence of endometriosis in recent years (5, 6) . It is most striking that ;68% of endometriosis-associated infertility is caused by minimal or mild endometriosis (7) . There are possible mechanisms that could cause infertility in patients with this mild disease, including chronic inflammation, ovulatory dysfunction, defective implantation, and unsuitable endometrial receptivity (8) . However, the underlying mechanisms of endometriosis-associated infertility are still unclear. A critical obstacle to our understanding is that the time from the onset of symptoms to eventual diagnosis has often been delayed by an average of 7 to 11 years (4, 9).
Embryo implantation requires crosstalk with the receptive endometrium. Decidualization, which affects uterine endometrial stromal cells (ESCs) and is predominantly induced by progesterone, has been suggested to be critical for uterine receptivity and the successful establishment and maintenance of pregnancy. It is well established that the functions of progesterone on the uterine tissues are mediated by the combined effects of two main nuclear progesterone receptor (PR) isoforms, designated PR-A isoform and PR-B isoform. These isoforms belong to the same family of ligand-activated transcription factors and share common structural and functional elements (10) (11) (12) . Recent findings support the idea that functional progesterone withdrawal can be achieved via alterations in the relative expression of the truncated (by 164 N-terminal amino acids) PR-A to the longer PR-B, with the former serving as a transrepressor of the latter (13) . Aberrant PR function in the endometrium is one of the major causes of impaired decidualization and the establishment of ectopic endometrial implants, with inflammation, altered miRNA expression, and epigenetic modifications to the transcriptional machinery (14, 15) .
miRNAs are a class of small noncoding regulatory RNAs that participate in posttranscriptional gene regulation and have been proposed to contribute to the pathogenesis of many diseases, including endometriosis (16) . There are multiple differentially expressed miRNAs in the endometrium tissues in endometriosis infertility patients (17) (18) (19) . Recent studies have suggested that there are interactions between decidualization and miRNA expression in ESCs that may be involved in progesterone resistance in endometriosis (14, 20) . However, the specific roles of miRNAs in endometriosis remain unclear. Hence, understanding how PR alterations and decidualization attenuation are regulated by miRNAs in endometriosis may provide important insights into potential strategies to alleviate progesterone resistance and enhance the fecundity of women with endometriosis.
In our previous study, we found that 66 miRNAs differed significantly ($twofold change) between endometriosis and control groups by analyzing the eutopic endometrium (EuE) from the midsecretory phase in infertile women with minimal or mild endometriosis via miRNA and mRNA microarray assays (Supplemental Fig. 1 ). Further analysis revealed that a total of 235 mRNA transcripts were differentially expressed between the endometriosis and control groups; these mRNAs were predicted to be targeted by the miRNAs expressed differentially in the two groups (Supplemental Figs. 2 and  3) . We found that miR-196a mediates the aberrant expression of PR in the EuE by regulating the MAPK kinase/ERK signal and partly hindering decidualization in ESCs (21) . We then focused on another miRNA (miR-194-3p) that displayed a 7.07-fold increase in the EuE midsecretory phase in the endometriosis group. The bioinformatic analysis predicted that miR-194-3p targets two predicted sites in the PR 3 0 -untranslated region (UTR). We speculated that miR-194-3p might be involved in progesterone resistance and could be responsible for the decidualization deficiency observed in the EuE of women with endometriosis.
The objective of this study was to investigate the regulation of aberrant PR expression by miR-194-3p and the biological functions of miR-194-3p in decidualization in infertile women with minimal to mild endometriosis. We used quantitative RT-PCR (qRT-PCR) to validate the differentially expressed miR-194-3p in infertile women with minimal or mild endometriosis and explored the relationship between miR-194-3p and its target gene PR, which was predicted by bioinformatic analysis, using primary cell transfection and luciferase reporter assays. Finally, we identified the functional consequences of miR-194-3p through an in vitro decidualization stimulus in ESCs.
Materials and Methods

Study population
This study was approved by the Ethics Committee of West China Second University Hospital of Sichuan University. Written informed consent was obtained from each patient. In total, 33 infertile women aged 20 to 35 years old with regular menstrual cycles and no history of hormonal treatment of at least 3 months before surgery were enrolled in the study between October 2016 and March 2017. Those who suffered from infertility associated with fallopian tube, ovary, or uterine factors or due to abnormal semen were excluded from the study. Endometrial samples were collected during a hysteroscopy, determined to be in the midsecretory phase according to their last menstrual period and further confirmed by pathological dating. EuE was obtained from 19 women with laparoscopically diagnosed endometriosis (stages I and II according to the revised American Fertility Society classification). As a control, normal endometrium was obtained from another 14 endometriosis-free women with normal uterine cavity determined by combined laparoscopy and hysteroscopy. EuE samples that showed endometrial lesions through pathological examinations were excluded. All samples were immediately transferred to the laboratory for cell culture or stored in nitrogen for further analysis.
qRT-PCR of mRNA and miRNAs
Total RNA was extracted from the midsecretory endometrial tissue samples from the 19 cases and 14 controls or from cultured ESCs in vitro using TRIzol reagent (Life Technologies, Carlsbad, CA). The quality and concentration of the purified RNA was analyzed using a NanoVue Plus spectrophotometer (GE Healthcare Bio-Sciences, Uppsala, Sweden). cDNA synthesis was performed with a PrimeScript reverse transcription reagent kit (TaKaRa Biotechnology, Dalian, China) according to the manufacturer's protocol. As mentioned previously, PR-A is truncated by 164 amino acids in the N-terminal sequence; primers can only be designed for PR and PR-B (PR-A expression is calculated by PR minus PR-B expression). The following specific primers were used for PR, PR-B cDNA (TsingKe Biological Technology, Chengdu, China), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control: PR, 5 0 -CAGCCAGAGCCCACAATACA-3 0 (forward) and 5
0 -GCTCCCACAGGTAAGGACAC-3 0 (reverse); PR-B, 5
0 -GGAATGGGCTGTACCGAGAG-3 0 (forward) and 5 0 -CGGCTCCTTTATCTCCCGAC-3 0 (reverse); and GAPDH, 5 0 -TGCACCACCAACTGCTTAGC-3 0 (forward) and 5 0 -GGCATGGACTGTGGTCATGAG-3 0 (reverse). cDNA samples were diluted 10-fold for PCR amplification. The 10-mL reaction mixture contained 5 mL of SYBR select master mix (Applied Biosystems, Carlsbad, CA), 1 mL of each primer (10 mmol/L), and 3 mL of diluted cDNA. The quantitative PCR program was 20 seconds at 95°C, followed by 40 cycles of 10 seconds at 95°C, and 20 seconds at 60°C. Only data with single melting peaks were included in the final analysis. The relative mRNA expression was calculated using the 2 -DDCt method. Each sample was analyzed in triplicate, and all the experiments were repeated three times.
To quantify the miRNAs, qRT-PCR was performed with specific primers for miR-194-3p and U6 small nuclear RNA (endogenous control) from the Bulge-Loop qRT-PCR primer set (Guangzhou RiboBio, Guangzhou, China) according to the manufacturer's instruction.
Cell culture and transfection
ESCs were isolated from the EuE from the endometriosis group (three cases) and cultured in DMEM/F12 (1:1) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin at 37°C. 293T cells (a human embryonic kidney cell line) were obtained from the Laboratory of Lung Development and Disease at West China Second University Hospital and maintained in DMEM supplemented with 10% fetal bovine serum. When cells reached 80% confluence, they were digested, seeded into six-well plates in 2 mL of growth medium, and transfected after culture for 16 to 18 hours when 30% to 40% confluency was reached. An hsa-miR-194-3p mimic or inhibitor or the respective hsa-miR-negative controls (Guangzhou RiboBio) were transfected to a final concentration of 50 nM or 100 nM using the Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. After 48 or 72 hours of incubation, the cells were harvested for RNA or protein isolation.
Decidualization was induced in transfected ESCs at 70% to 80% confluence in 10% charcoal-stripped phenol red-free medium for 24 hours. The medium was then replaced and the cells were cultured with 2% charcoal-stripped phenol red-free medium supplemented with 0.5 mM 8-Br-cAMP (Abcam, Cambridge, MA) and 1 mM medroxyprogesterone acetate (MPA) (Sigma-Aldrich, St. Louis, MO) for 72 hours. The culture medium was collected every 24 hours, and the supernatants were incubated at -20°C to detect prolactin (PRL). PRL protein levels in the supernatants, which are a representative marker of decidual cells, were determined using a commercially available ELISA kit (Cusabio Biotech, Wuhan, China). The ESCs were observed under an inverted microscope every 24 hours to study their morphological changes.
Protein extraction and Western blotting
Total cellular protein was isolated from transfected ESCs using RIPA buffer with 1% phenylmethylsulfonyl fluoride (Beyotime Biotechnology, Shanghai, China) and protease inhibitor on ice, and the protein concentration was determined using the BCA protein assay kit (Beyotime Biotechnology). Equal amounts of protein extracts (50 to 100 mg) were separated on 8% polyacrylamide gels containing SDS via PAGE and transferred to 0.45-mm polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA). The membranes were blocked in 5% milk for 1 hour at room temperature, then washed and incubated with PR primary antibodies (Cell Signaling Technology, Danvers, MA; RRID: AB_2166681; 1:200) ( Table 1 ) overnight at 4°C. Following overnight incubation, the membranes were washed thrice with 0.1% Tween 20 in Trisbuffered saline and incubated with DyLight 800-conjugated goat anti-rabbit IgG secondary antibodies (Thermo Fisher Scientific, Waltham, MA; RRID: AB_2556616; 1:10,000) ( Table 1) for 2 hours. The protein bands were imaged on an infrared imaging system using a double-color infrared laser imaging system (Odyssey/LI-COR, Lincoln, NE) and quantified with Quantity One software (Bio-Rad Laboratories). Protein levels were normalized to GAPDH (Sigma-Aldrich; RRID: AB_ 796208; 1:3000) ( Table 1) .
Luciferase reporter assay
The PR 3 0 -UTR sequences were obtained from the National Center for Biotechnology Information (www.ncbi.nlm. nih.gov/gene/5241). Target predication was performed using TargetScanHuman 7.1 (http://www.targetscan.org/vert_71/), and two potential miR-194-3p target sites (WT1 and WT2) were found in the PR 3 0 -UTR mRNA sequence. Reporter genes were constructed by PCR amplification, gel purification, and restriction digestion with the PR 3 0 -UTR. The PCR products were then cloned into the pmiR-RB-REPORT vector (Promega, Fitchburg, WI) to construct the reporter plasmids designated h 0 _PR_3 0 UTR_1 and h 0 _PR_3 0 UTR_2 (Supplemental Fig. 4 ). Goat; polyclonal 1:10,000 AB_2556616
293T cells were seeded in triplicate in 96-well plates. Adherent cells were then cotransfected with the two reporter plasmids and 50 nM miR-194-3p mimic or miRNA negative control (Guangzhou RiboBio) using Lipofectamine 3000 reagent (Invitrogen). After 48 hours, the cells were harvested and luciferase activity was measured using the Dual-Luciferase reporter assay kit (Promega) according to the manufacturer's protocol. The experiments were repeated three times.
Statistical analysis
SAS version 9.2 (SAS Institute, Cary, NC) was used for statistical analyses. A Student t test was used for comparisons between two groups after assessing homogeneity of variance. For data from the qRT-PCR experiments comparing the PR/ PR-B expression in the endometrium between the endometriosis and control groups with unequal variances, a nonparametric Wilcoxon rank-sum test was used. Data were represented as the mean 6 SD. P , 0.05 was considered to be statistically significant.
Results
Decreased PR expression in the EuE midsecretory phase in women with minimal or mild endometriosis
To determine the level of PR expression and confirm the existence of progesterone resistance in the EuE from women with minimal/mild endometriosis, we performed qRT-PCR to detect PR mRNA levels in endometrial samples from the midsecretory phase obtained from 19 infertile women with minimal/mild endometriosis and from 14 endometriosis-free women. PR [1.61 6 0.25 vs 3.57 6 0.59, P , 0.05; Fig. 1(a) ] and PR-B [1.53 6 0.17 vs 3.49 6 0.71, P , 0.05; Fig. 1(b) ] mRNA expression levels were significantly decreased in the midsecretory EuE from the endometriosis group compared with those in the midsecretory endometrium from the control group. The PR-A/PR-B mRNA ratio was higher in the endometriosis group than that in the control group but it did not differ significantly [0.05 6 0.03 vs 0.02 6 0.01, P . 0.05; Fig. 1(c) ].
Increased miR-194-3p expression is associated with decreased PR expression in ESCs
A qRT-PCR assay was used to determine miR-194-3p expression in endometrial samples from the midsecretory phase obtained from 19 infertile women with minimal/ mild endometriosis and 14 disease-free women. The results showed significantly increased miR-194-3p expression in the EuE during the midsecretory phase in the endometriosis group compared with that in the midsecretory endometrium in the control group (1.37 6 0.11 vs 0.83 6 0.04, P , 0.05; Fig. 2) , which is consistent with the miRNA microarray findings (Supplemental Fig. 1) .
We then found that PR was the predicted target of miR-194-3p by bioinformatic analysis. Based on these discoveries, further in vitro experiments were performed to investigate the mechanism underlying the inverse relationship between miR-194-3p and PR expression in the midsecretory phase in the EuE from women with minimal/mild endometriosis. The qRT-PCR analysis revealed that miR-194-3p expression significantly increased [21058 6 2092 vs 1.30 6 0.16; P , 0.01; Fig. 3 miR-194-3p downregulates the expression of PR in vitro by targeting its 3 0 -UTR A luciferase reporter assay was designed to investigate whether PR regulation was mediated directly by miR-194-3p binding to its 3 0 -UTR. We cotransfected 293T cells with a luciferase expression vector (plasmid h 0 _PR_3 0 UTR_1 or h 0 _PR_3 0 UTR_2) containing the 3 0 -UTR of PR and miR-194-3p mimic or negative control. The results showed decreased luciferase activity in the 293T cells cotransfected with miR-194-3p mimic and the h 0 _PR_3 0 UTR_1 plasmid compared with that in the negative control; the difference was statistically significant. In contrast, the luciferase activity in cells transfected with the h 0 _PR_3 0 UTR_2 plasmid group did not decrease (Fig. 4) . These data suggest a direct effect of miR-194-3p on the PR 3 0 -UTR.
Overexpression of miR-194-3p inhibits the in vitro decidualization of ESCs
To explore the possible biological function of the ESCs with increased miR-194-3p expression, we further induced decidualization by transfecting with miR-194-3p mimic or miRNA negative controls exposed to decidual induction in vitro. Morphological changes in the ESCs were observed during decidualization. There were no evident changes within 24 hours of induction [ Fig. 5(a) ]. After 48 hours of induction, the ESCs that had been transfected with the miRNA control started to show obvious decidual changes, with a bigger and rounder shape and abundant cytoplasm [ Fig. 5(a) ]. The ESCs transfected with miRNA control showed more typical decidual features after induction for 72 hours, with enlarged nuclei, increased cell volume, and ambiguous cell boundaries [ Fig. 5(a) ]. Conversely, the ESCs that were transfected with the miR-194-3p mimic did not exhibit these decidual changes [ Fig. 5(a) ] when compared with ESCs transfected with the miRNA controls at the same observation time point. Fig. 5(b) illustrates the protein levels of PRL in the supernatants. There were no significant differences in PRL production between the two groups after 24 hours of induction (10.53 6 5.073 vs 17.57 6 3.664, respectively; P . 0.05), whereas the secretion of PRL in ESCs transfected with miR-194-3p was significantly reduced after 48 and 72 hours of induction relative to that in the cells transfected with the control (16.95 6 0.9018 vs 37.13 6 1.015 and 27.44 6 5.636 vs 50.87 6 5.874, respectively; P , 0.01).
Discussion
Female infertility and related reproductive disorders may have ramifications beyond reproductive health. Endometriosis is one of the most common causes of infertility, affecting 20% to 50% of infertile women (3). Several theories have been proposed to explain the etiology and pathogenesis of endometriosis (22) . However, these theories have not yet reached a unified conclusion, which poses a severe challenge for clinical treatments. Studies have increasingly found that minimal or mild endometriosis, in which pelvic adhesions are not severe enough to create damaging anatomical effects, is closely associated with infertility, and the resection of ectopic lesions can enhance fecundity in infertile women (23) . Moreover, dysfunctional EuE may be responsible for infertility, as combined laparoscopy and hysteroscopy treatments can improve the pregnancy rate (24) .
The blocked PR signaling pathway in the endometrium plays a significant role in impaired decidualization and lower fecundity of endometriosis, but the precise molecular mechanism is still unclear (19, 21) . Our results revealed that PR and PR-B mRNA expression decreased in the midsecretory EuE from women with minimal/mild endometriosis, but there was also an increasing trend for the PR-A/PR-B mRNA ratio. These findings collectively confirmed the loss of progesterone signaling in the midsecretory phase EuE in endometriosis, which is consistent with evidence from the literature that the incidence of endometriosis is partly due to changes in eutopic endometrial cell progesterone responsiveness (13) . This also suggests that the appropriate relative expression of the PR-A and PR-B isoforms is likely to be of importance to ensure endometrial responses to PR activity.
Many studies over the years have focused on the potential role of miRNAs in the development of endometriosis (16, (25) (26) (27) . Based on our previous miRNA microarray studies, we specifically noticed a significant increase in miR-194-3p in the EuE in minimal/mild endometriosis. Several researchers have reported that miR-194-3p is closely linked to human cancer (28) (29) (30) . In endometriosis, Ohlsson et al. (17) found upregulation of miR-194 (miR-194-5p) in the ectopic endometrium using miRNA microarray analysis but reported no further study of the specific mechanism. The expression of miR-194-3p in the midsecretory phase EuE in women with endometriosis has not yet been reported, nor has the underlying regulated mechanisms on decidualization in endometriosis.
It is evident from the literature that miRNAs regulate complementary mRNAs by inducing translational repression and mRNA decay, and that this regulation occurs both transcriptionally and posttranscriptionally (31, 32) . miRNAs primarily control the expression of genes by acting on mRNAs to mediate the repression of the target message. To date, emerging studies have suggested that seed regions are not the only requirement for miRNAs to target specific gene expression; miRNAs can also bind to other regions of a gene and inhibit the translation initiation step, supporting the idea that miRNAs can induce translational repression before mRNA decay in vivo (33) (34) (35) (36) . There are several factors that may affect the miRNA regulation of a target gene, such as the length of the 3 0 -UTR and the secondary structure of the target area. Longer 3 0 -UTRs contain more conserved miRNA targets and other factors that regulate gene expression (37, 38) . The length of the PR gene 3 0 -UTR length is 9492 bp, which may affect the degree of degradation by the miRNAs of its mRNA. Therefore, we can understand how there were no significant changes in PR and PR-B mRNA expression after the miR-194-3p intervention, although the PR-A and PR-B protein levels showed noticeable changes under miR-194-3p regulation. Based on the above results, we also found a significant reduction in luciferase activity in cells transfected with miR-194-3p. It can be inferred that the blunted PR expression is directly due to negative regulation by miR-194-3p. Increasingly, studies have found that many miRNAs not only serve as regulators of gene expression but can also be important determinants of cellular specification (39) . Therefore, it is necessary to explore the relevance of miRNA expression in ESC differentiation. Interestingly, we observed that miR-194-3p overexpression could hinder decidualization in ESCs and reduce PRL levels in supernatants from ESCs transfected with miR-194-3p. Although miR-194-3p had an effect at 48 and 72 hours, the PRL concentration was not significantly different after 24 hours of induction. This could be due to the delayed function of induced decidualization and the gradual adaptation of cells. These observations further support our hypothesis that increased miR-194-3p expression results in a progesterone-resistant environment and impaired decidualization in ESCs. Although there is strong evidence that miRNAs are centrally involved in processes affecting fertility, the complex interactions and elaborate miRNA regulatory processes underlying the attenuated progesterone response in patients with endometriosis remain unclear. Further study is needed to determine the exact molecular mechanisms of PR in endometriosisassociated infertility.
In conclusion, our study suggests that miR-194-3p is overexpressed in the EuE in the initial stage of endometriosis. Our findings reveal that the decidualization defects in infertile women with minimal or mild endometriosis might be due to decreased progesterone signaling because of miR-194-3p regulation, which provides clues for the use of miRNAs as biological therapeutic tools in endometriosis.
